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REMARKS 



Status Clarification 

This submission is in response to the Final Office Action and Advisory Action dated 
February 27, and August 6, 2007, respectively, issued in the above-referenced application. 
Applicants filed a Notice of Appeal and an Amendment After Final on July 27, 2007. The 
Amendment After Final filed on July 27, 2007 was not entered into the record by the Examiner 
as indicated on the Advisory Action dated August 6, 2007 as it allegedly raised "new issues that 
would require further consideration and/or search." Applicants are submitting herein a new 
Amendment in Reply to Final Office Action, along with a Request for Continued Examination 
(RCE), and required RCE and extension fees. The present submission replaces the Amendment 
of July 27, 2007, which was not entered into the record, and thus the amended claims are based 
on the claims, as finally rejected by the Office in the Final Office Action dated February 27, 
2007. A paper copy and computer readable form of the Sequence Listing, as well as Verification 
Statement under 37 C.F.R. §1.82 1(f) were submitted to the USPTO on July 27, 2007. To 
minimize confusion, no additional copy of these papers is being submitted herewith. 

Applicants also request clarification of the status of the present application under the 
"Changes to Practice for Continued Examination Filings. . . and Examination of the Claims, " 72 
Fed. Reg. 46717 (Aug. 21, 2007). The present application was originally filed as a continuation 
application of U.S.S.N. 09/244,984, now U.S. 6,842,704, filed February 9, 1999, which in turn 
claimed priority from three provisional applications, namely, U.S. provisional application 
numbers: 60/073,709, filed on February 4, 1998; 60/135,499, filed on March 30, 1998; and 
60/1 17,476, filed on January 27, 1999. The claims in the parent '984 application were subject to 
a final restriction requirement into the following groups: Group I (claims 1-21 drawn to a 
composition comprising a crystalline form of TACE); Group II (claims 22-25 drawn to a 
computer readable medium); Group III (claims 26-33 drawn to a system for studying TACE); 
Group IV (claims 34-39 drawn to video memory); and Group V (claims 40-42 drawn to a 
method of identifying a compound that associates with TACE). The invention of Group V was 
elected without traverse for prosecution on the merits. Intervening applications, currently 
abandoned, were filed as divisional applications of the '984 application to prosecute non-elected 
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subject matter. The present application was filed as a continuation application of the '984 
application with claims directed to crystalline composition of TACE (claims 1-22) and method 
for identifying a compound that associates with TACE (claims 23-27). The claims as originally 
pending in the instant application were subject to a restriction requirement into two groups, 
Group I (crystalline compositions) and Group II (methods). Applicants eventually elected to 
pursue claims to the invention of Group I, claims 1-22. It is submitted that the present 
application is directed to claims that were disclosed and claimed in a prior-filed application (i.e., 
'984 application), but was subject to a restriction under 35 U.S.C. 121, and not examined in the 
prior-filed application. Therefore, the present application should be entitled to divisional status 
under Section 1 .78(a)(2) of the new USPTO rules, and should enjoy the benefit of two further 
continuation applications (see also, §1.78(d)(l)(ii). It is Applicants' understanding according to 
the new rules that no further RCEs are available in this patent family. The Office is asked for 
clarification about the divisional status of this application. 

Amendments to the Claims and Specification 

The specification has been amended to insert a reference to sequence identifiers for SEQ 
ID NOs: 10-11. A revised Sequence Listing in computer readable and paper form was submitted 
to the USPTO on July 27, 2007, together with a verification statement to fulfill the requirements 
of 37 C.F.R. § 1 .821-1 .825. The amendments in the specification and Sequence Listing replace 
any previous Sequence Listing with the paper copy of the Sequence Listing submitted by the 
Applicants on July 27, 2007. The specification is further amended to insert new sequence 
identifiers. The revised sequence listing and amendments to the specification contain no new 
matter in compliance with 37 C.F.R. §1. 821(g). 

Claims 6, 13, and 28 have been cancelled without prejudice or disclaimer. Claims 1, 5, 
7-9, 1 1, 12, 14-15, 17-18, 22 and 30-31 are amended. New claims 32-36 have been added. 
Support for the claim amendments can be found throughout the specification at, e.g., page 2, line 
27 to page 4, line 13; page 10, lines 16-28; and page 16, lines 4-13. Support for the newly added 
claim can be found, e.g., in paragraphs 6-8 and 50-52 of the published application (U.S. 
04/0265983). 
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Upon entry of the amendment, claims 1-5, 7-9, 11-12, 14-22, and 29-36 will be pending 
and under consideration in this application. No new matter has been added. 

The claim amendments and cancellations made herein have been made solely to expedite 
prosecution of the instant application and should not be construed as an acquiescence to any of 
the Examiner's rejections. 

Information Disclosure Statement 

Applicants acknowledge that the Information Disclosure Statement filed on December 
22, 2006 has been duly considered by the Examiner and that the references cited therein have 
been initialed. 

Sequence Compliance 

The Sequence Listing (in computer readable and paper form), along with a Verified 
Statements under 37 C.F.R. §1 .821(f) and (g), and the above amendment is believed to satisfy 
the sequence listing requirements. The Sequence Listing submitted on July 27, 2007 replaces the 
submission filed by the Applicants on December 22, 2006. Applicants hereby state that the 
contents of the paper and computer readable format copies of the Sequence Listing submitted 
herein are identical and contain no new matter, in accordance with the requirements of 37 C.F.R. 
1 .821 to 1 .825. Thus, the present objection to the Sequence Listing is believed to be obviated. 

Claim Objections 

At pages 9-10 of the Office Action, claim 9 was objected to for the recitation of "diffracts 
to 2.0 A[;]" claim 14 was objected to for the recitation of "the the crystal[;]" and claims 18 and 
31 were objected to for the recitation of "hydroxyamino carbonyl[.]" 

Herein, claim 9 has been amended to recite "diffracts x-rays to 2.0 A;" the second "the" 
of claim 14 has been deleted, and claims 1 8 and 3 1 have been amended to recite 
"hydroxyaminocarbonyl." Applicants respectfully submit that these amendments render the 
objections to claims 9, 14, 18, and 31 moot. 



Applicant : Blacked/. Attorney's Docket No.: 16163-039004 / AHP98 156 

Serial No. : 10/784,300 
Filed : February 24, 2004 
Page : 12 of 24 

Rejections Under 35 U.S.C. § 1 12, Second Paragraph 

At pages 4-5 of the Office Action, claims 1 1 and 12 were finally rejected under 
35 U.S.C. §112, second paragraph as allegedly lacking antecedent basis for the recitation of 
TACE catalytic domain (TCD) molecules. 

Claim 1 1 (and dependent claim 12) have been amended to depend from claim 2, which 
provides antecedence for the recitation of "a TACE catalytic domain." The claims have been 
further amended to recite "TACE catalytic domains of the TACE polypeptide." While applicants 
do not concede to any aspect of the Office Action's stated reasons for rejection, the 
aforementioned amendments render this rejection moot. 

At page 5 of the Office Action, claims 5, 14, and 30 were finally rejected under 

35 U.S.C. §112, second paragraph as allegedly being indefinite. According to the Office Action, 

claim 5 is confusing in that it is unclear as to how the polynucleotide as 
recited in the claim, which appears to encode a variant of SEQ ID NO: 8, 
simultaneously encodes amino acids 1-477 of SEQ ID NO: 8... [and] claim 
14 and 30 are confusing in the recitation of 'crystal has the structure 
coordinates according to Table 1' as it would appear that TACE 
polypeptide of the crystal and not the crystal itself, has the structural 
coordinates of Table 1. 

Claim 5 was also alleged to be confusing in the recitation of "Asn542 as set forth in SEQ ID 
NO:8." 

Claim 5 has been amended herein to recite that "the expression product of the 
polynucleotide is "further such that amino acid residue Ser266 is changed to Ala and amino acid 
residue Asn452 is changed to Gin, and wherein the sequence Gly-Ser-(His)6 (SEQ ID NO:2) is 
fused to the C-terminus of the expression product." Thus, claim 5, as amended, clarifies that the 
amino acid sequence of SEQ ID NO:8 has been further altered to include the aforesaid additional 
substitutions and amino acid sequences. 

Claims 14 and 30 have herein been amended to recite that "the crystalline form of the 
TACE polypeptide" and "the crystal of the TACE polypeptide," respectively, has the structure 
coordinates according to Table 1 . 

While Applicants do not concede to any aspect of the Office's stated reasons for 
rejection, these amendments render the rejections of claims 5, 14, and 30 moot. 
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Rejections under 35 U.S.C. §1 12, First Paragraph (New Matter) 

At page 6 of the Office Action, claims 15-16 and 18-21 were finally rejected under 35 
U.S.C. §112, first paragraph, as allegedly containing new subject matter. According to the 
Office Action, "Claim 15 has been amended to recite the limitation 'wherein the crystallization 
buffer comprises sodium citrate'. . .However. . .the cited support fails to provide support for a 
generic crystallization buffer comprising sodium citrate." Thus, Applicants understand the 
Office's position to be that because the specification does not recite the phrase "crystallization 
buffer comprising sodium citrate" in haec verba, there is no written description for such a phrase 
in claim 15. 

Applicants respectfully traverse this rejection. 

According to the MPEP, "there is no in haec verba requirement," however, "newly added 
claim limitations must be supported in the specification through express, implicit, or inherent 
disclosure" (underlining added; see MPEP §2163 (B)). In this regard, it is provided in the MPEP 
that: 

The test for determining compliance with the written description requirement found in the 
first paragraph of 35 U.S.C. § 1 12, first paragraph, is whether the disclosure of the 
application as originally filed reasonably conveys to the artisan that the inventor had 
possession at that time of the later claimed subject matter, rather than the presence or 
absence of literal support in the specification for the claim language " (underlining added; 
see/n reKaslow, 707 F.2d 1366, 1375, 217 USPQ 1089, 1096 (Fed. Cir. 1983)). 

As described in more detail below, the present application as filed reasonably conveyed 
to one of ordinary skill in the art that the Applicants were in possession of a crystallization buffer 
that includes sodium citrate, as this was a common feature of at least three species of 
crystallization buffers exemplified in the specification. 

More specifically, the specification describes at least three species of crystallization 
buffers containing sodium citrate: 0.1 M Na Citrate pH 5.4, 20% w/v PEG 4000, and 20% v/v 
isopropanol (Buffer "D"); 0.1 M Na Citrate pH 5.0 and 40% v/v ethanol (Buffer "B"); and 0.1 M 
Na Citrate pH 8.7, 20% w/v PEG 4000, and 20% v/v isopropanol (Buffer "C") (see e.g., page 4, 
lines 3-5; page 16, lines 8-11; page 33, line 21 to page 34, line 9 of the specification). For 
example, at page 34, the specification states that "[s]mall crystals were obtained. . .with either 
buffer B or C. Further refinement of buffer C resulted in buffer D, which allowed for crystals 
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suitable for X-ray data collection" (page 34, lines 1-6). The specification also points individually 
to Buffer D, the refined form of buffers B and C, as an example of the crystallization buffer {see 
page 4, lines 3-5). Thus, at least three different species of sodium citrate-containing buffers were 
exemplified in the specification, all three of which provided suitable conditions for 
crystallization. 

The scope of the aforementioned genus of crystallization buffers encompassed by the 
claims does not have substantial variation in view of the claims' precise structural description, 
(i.e., all the crystallization buffer comprise sodium citrate), and reduction to practice (i.e., all 
three sodium citrate-containing buffers represented by species B, C and D were shown to provide 
suitable crystallization conditions). Given the defined scope of the genus of sodium-citrate 
containing crystallization buffers recited by the claims, Applicants respectfully submit that the 
specification provides ample number of species having the common feature of including sodium 
citrate to show that the Applicants were in possession of the claimed genus. 

This conclusion is fully supported by the MPEP when it provides that: 

The written description requirement for a claimed genus may be satisfied through 
sufficient description of a representative number of species by actual reduction to 
practice. . .or by disclosure of relevant identifying characteristics, i.e., structure or other 
physical and/or chemical properties, by functional characteristics coupled with a known 
or disclosed correlation between function and structure, or by a combination of such 
identifying characteristics, sufficient to show the applicant was in possession of the 
claimed genus. "Satisfactory disclosure of a 'representative number' depends on whether 
one of skill in the art would recognize that the applicant was in possession of the 
necessary common attributes or features of the elements possessed by the members of the 

genus in view of the species disclosed." (MPEP § 2163(II)(A)(3)(a)(ii) citing Eli 

Lilly, 1 1 9 F.3d at 1 568, 43 USPQ2d at 1 406). 

Therefore, in view of the foregoing, Applicants respectfully request that the Examiner 
reconsider and withdraw the new matter rejection of claim 15. 

Claim Rejection under 35 U.S.C. §112, First Paragraph (Written Description) 

At pages 7-1 1 of the Office Action, claims 1-9, 1 1-22, and 28-31 were finally rejected 

under 35 U.S.C. §112, first paragraph as allegedly lacking written description. 

While Applicants do not concede to any aspect of the Office's stated reasons for 

rejection, this rejection has been met by amending claims 1 and 22 (and claims dependent 
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therefrom) to recite the space group and unit cell dimensions of the crystal. Thus, as amended, 
claims 1 and 22 are directed to a composition comprising a crystalline form of TACE 
polypeptide, or a co-crystallized TACE polypeptide and a hydroxamate-based binding partner, 
having a P2i space group and the unit cell dimensions specified, respectively. Furthermore, 
claims 6, 13, and 28 are cancelled, thereby rendering the rejection of these claims moot. 

Applicants point out to the Office that claims 1 and 22, as amended herein, are almost 
identical in scope to hypothetical claim 1 exemplified in case 4 of the "Trilateral Project WM4 
Comparative Studies in New Technologies: Report on Comparative Study on Protein 3- 
Dimensional (3-D) Structure Related Claims" released in November 2002 ("the Trilateral 
Report"). The USPTO indicated in the Trilateral Report that hypothetical claim 1 would meet 
the written description requirement because the crystal structure of the protein is provided in the 
claim by specifying the cell unit dimension. More specifically, claim 1 in case 4 of the Trilateral 
Report is directed to a crystalline form of a known protein P, and reads as follows: "A crystalline 
form of protein P having unit cell dimensions of a=4.0nm, b=7.8nm, and c=l 1 .Onm." At pages 8 
and 66 of the report, the hypothetical specification of case 4 is described as including, inter alia, 
that the inventors have newly produced a stable crystalline form of protein P and that the 
description gives experimental data with explanations of how to make the crystals. The 
Trilateral Report, at page 67, and referring to the claim of case 4, states that "the claim complies 
with the written description requirement because the structure of protein P is provided." 

Like the hypothetical claim 1 presented in case 4 of the Trilateral Report, claims 1 and 
22, as amended herein, are directed to a crystalline form of a specific known protein (i.e., 
TACE), which was characterized in the art prior to the filing date in terms of its structure and 
function. Also similar to the hypothetical claim 1 presented in case 4, instant claim 1 recites the 
unit cell dimensions of the crystal. The present specification discloses, inter alia, that the 
inventors had newly produced a crystalline form of TACE, provided TACE sequence 
information, experimental data with explanations on how to make the crystals, and the three- 
dimensional structure of a crystalline form of the TACE polypeptide (see specification at, e.g., 
page 2, lines 27-29; page 3, lines 15-20; page 31, line 13 to page 36, line 15; and Table 1). Thus, 
Applicants respectfully submit that for at least the reasons above, the specification amply 
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provides written description for the crystalline form of a TACE polypeptide as presently set forth 
in claims 1 and 22 (and the claims dependent therefrom). 

Dependent claims 2-14 and 29-32 further define the crystalline forms of claims 1 and 22, 
respectively, by specifying the catalytic domain, amino acid sequence, hydroxamate-based 
binding partner, and/or structural coordinates, among others. Thus, combined with the 
characterization of the crystal structure of the TACE polypeptide in terms of cell unit dimensions 
recited in claims 1 and 22, as amended herein, these dependent claims provide ample structural 
and functional features in common associated with the crystal structure of the TACE 
polypeptide, alone or complexed with a hydroxamate-based binding partner, to show that 
Applicants were in possession of the claimed genus at the time the present application was filed, 
and thus the claims were more than adequately described by the instant application. 

Similarly, newly added claims 32-36 provide sufficient structural and functional features 
in common associated with the crystal structure of the TACE polypeptide in complex with a 
hydroxamate-based binding partner to satisfy the written description requirement. Independent 
claim 32 specifies that the composition comprises a crystalline form of TACE having the 
sequence specified, wherein the crystalline form has the space group specified. Claims 
dependent thereon specify the particular structures of the TCDs, the structural coordinates 
according to Table 1 and the unit cell dimensions. The genus of TACE polypeptides 
encompassed by these claims does not have substantial variation, since all must encode a 
polypeptide having an amino acid sequence encoded by the sequences specified. The TACE 
polypeptide disclosed in the specification is representative of the claimed genus because: all 
members of the genus encode a polypeptide similar to a reference sequence; and the specification 
describes a method for crystallizing such a polypeptide encompassed by the claim having the 
specified structure (e.g., see page 31, line 13 to page 36, line 15). Similarly, the precise 
structural definition of the hydroxamate-based binding partner claimed allows the skilled artisan 
to readily envision the genus of claimed hydroxamate-based binding partners and understand that 
applicant invented what is claimed. The specification provides an example of such a 
hydroxamate-based binding partner: N-{D,L-2-(hydroxyaminocarbonyl)methyl-4- 
methylpentanoyl}-L-3 -amino-2-dimethylbutanoyl-L-alanine, 2-(amino)ethyl amide, which is 
presently claimed in dependent claim 35. In light of this disclosure, the skilled artisan would 
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have concluded, at the time of filing of the present application, that Applicants were in 
possession of the necessary common attributes of the members of the genus. 

The Office maintains the rejection of claims 15 and claims dependent therefrom for lack 
of written description for allegedly failing to disclose "any other representative species of the 
genus of TACE proteins, TACE binding partners, and crystallization buffers and conditions that 
can be used to achieve a crystal of TACE polypeptide." 

This aspect of the rejection has been met, in part, and is traversed, in part. Instant claim 
1 5 is drawn to a method for crystallizing a TACE polypeptide, comprising: 

(A) mixing a solution comprising: 

(i) a TACE polypeptide, wherein the TACE polypeptide is the expression product 
of a polynucleotide encoding amino acids 1-477 of SEQ ID NO:8; and 

(ii) a hydroxamate-based binding partner, 

with a crystallization buffer, wherein the crystallization buffer comprises sodium citrate; and 

(B) crystallizing the mixture of step (A) by drop vapor diffusion to form a crystalline 
precipitate. 

While Applicants do not concede that any of the claims fail to comply with the written 
description requirement, claim 1 5 has herein been amended to specify that the TACE 
polypeptide is the expression product of a polynucleotide encoding amino acids 1-477 of SEQ ID 
NO: 8. Claim 32 is directed to a method of crystallizing a TACE polypeptide having the 
particular sequence specified in the presence of a hydroxamate-based binding partner. The 
precise structural definition of the TACE polypeptide as claimed (including the specified amino 
acid residues of TACE as set forth in SEQ ID NO: 8) allows the skilled artisan to readily envision 
the claimed invention and understand that Applicants were in possession of the claimed 
invention at the time of filing. The genus of TACE polypeptides encompassed by these claims 
does not have substantial variation, since all must encode a polypeptide having an amino acid 
sequence encoded by the sequences specified. The TACE polypeptide disclosed in the 
specification is representative of the claimed genus because: all members of the genus encode a 
polypeptide similar to a reference sequence; and the specification describes a method for 
crystallizing such a polypeptide encompassed by the claim having the specified structure (e.g., 
see page 31, line 13 to page 36, line 15). In light of this disclosure, the skilled artisan would 
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have concluded, at the time of filing of the present application, that Applicants were in 
possession of the necessary common attributes of the members of the genus. 

The instant claim has also been amended to specify that the binding partner is a 
"hydroxamate-based binding partner." The precise structural definition of the hydroxamate- 
based binding partner claimed allows the skilled artisan to readily envision the genus of claimed 
hydroxamate-based binding partners and understand that applicant invented what is claimed. The 
specification provides an example of such a hydroxamate-based binding partner: N-{D,L-2- 
(hydroxyaminocarbonyl)methyl-4-methylpentanoyl } -L-3 -amino-2-dimethylbutanoyl-L-alanine, 
2-(amino)ethyl amide. 

Applicants' arguments in support of the written description for a genus of crystallization 
buffers comprising sodium citrate is set forth supra, the substance of which is reiterated here. 

As discussed above, the scope of the aforementioned genus encompassed by the claims 
does not have substantial variation in view of the claims' precise structural descriptions. Given 
the defined scope of the genus, Applicants respectfully submit that the specification provides 
ample number of species having a common attribute to show that the applicants were in 
possession of the claimed genus. In view of the foregoing, Applicants respectfully request that 
the Examiner reconsider and withdraw the written description rejections under 35U.S.C. §112. 

Claim Rejection under 35 U.S.C. §112, First Paragraph (Enablement) 

At pages 1 1-17 of the Office Action, claims 1-9 and 1 1-22 were finally rejected under 
35 U.S.C. §112, first paragraph as allegedly lacking enablement. Each of the grounds raised by 
the Office in maintaining the position that the claims are not enabled is discussed in more detail 
below. 

At page 13, the Office Action states that the "broad scope of the claimed crystals and 
crystallization methods is not commensurate with the enablement provided by the disclosure." 
In support of the Office's position, the Examiner states that the specification only provides a 
single working example of a crystal and method for making, and the specification fails to provide 
guidance for other polypeptides as encompassed by the claims with an expectation of obtaining 
diffraction-quality crystals. 
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Claims 6 and 13 have been canceled thereby rendering the aspect of the rejection as 
applied to these claims moot. 

This aspect of the rejection has been met by the claim amendments made herein. As 
amended, instant claim 1 (and claims depending from claim 1) and claim 22 are directed to 
compositions comprising a polypeptide in crystalline form, wherein the polypeptide is a TACE 
polypeptide, and wherein the crystal is of monoclinic space group P2i and has unit cell 
dimensions a=61.38 A, b=126.27 A, c=81.27 A, and p=107.41°. Applicants submit that claims 1 
and 22, as amended herein, are commensurate in scope with exemplary claim 1 of case 4 of the 
Trilateral Report, which was deemed by the USPTO to satisfy the enablement requirement. 
More specifically, the Trilateral Report states that claims to a crystalline form of a polypeptide 
{e.g., like exemplary claim 1 of case 4) satisfy the enablement requirement if the specification 
teaches how to make the claimed crystals and if one skilled in the art could use the claimed 
polypeptide crystal without undue experimentation (see the Trilateral Report at page 67 and case 
4 of the Trilateral Report at page 66). The instant specification discloses how to make the 
claimed composition, e.g., at pages 33-34, and one of skill in the art could have used the claimed 
crystal without undue experimentation. In view of the disclosure in the specification, claim 1 
(and claims dependent therefrom) and claim 22 satisfy the enablement requirement. 

As amended, claim 15 (and the claims depending from claim 15) is directed to a method 
for crystallizing a TACE polypeptide comprising, inter alia, mixing a solution comprising: (i) a 
TACE polypeptide that is the expression product of a polynucleotide encoding amino acid 
residues 1-477 of TACE as depicted in SEQ ID NO:8; and (ii) a hydroxamate-based binding 
partner with a crystallization buffer, wherein the crystallization buffer comprises sodium citrate. 
Similarly, newly added claims 32-36 are directed to compositions that comprise a crystalline 
form of TACE having the sequence specified, wherein the crystalline form has the space group 
specified. Claims dependent thereon require the particular structures of the TCDs, the structural 
coordinates according to Table 1 and the unit cell dimensions. The genus of TACE polypeptides 
encompassed by these claims does not have substantial variation, since all must encode a 
polypeptide having an amino acid sequence encoded by the sequences specified. The TACE 
polypeptide disclosed in the specification is representative of the claimed genus because: all 
members of the genus encode a polypeptide similar to a reference sequence; and the specification 
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describes a method for crystallizing such a polypeptide encompassed by the claim having the 
specified structure (e.g., see page 31, line 13 to page 36, line 15). Similarly, the specification 
provides an example of a hydroxamate-based binding partner: N-{D,L-2- 
(hydroxyaminocarbonyl)methyl-4-methylpentanoyl } -L-3 -amino-2-dimethylbutanoyl-L-alanine, 
2-(amino)ethyl amide, which is presently claimed in dependent claim 35. The breadth of the 
claims, as amended or newly added herein, is commensurate in scope with the teachings in the 
specification, as described in more detail below. 

Applicants' disclosure describes how to make a composition comprising a crystalline 
TACE polypeptide comprising the amino acid residues of TACE as depicted in SEQ ID NO:8. 
The amino acid sequence and domain characterization of TACE were known in the art at the 
time the instant application was filed and are described in the instant application. For example, a 
detailed characterization of the location of, and interactions between, residues and domains of 
TACE, and how these correlate with biological activity is provided, e.g., starting in paragraphs 
67 through 80 of the instant application. The location of the active site of TACE was also 
disclosed in the application (see paragraph 71 and FIG. 2a of the application). Moreover, the 
structural coordinates of human TACE were identified as set forth in Table 1 of the application. 

As a result of the present invention, the TACE catalytic domain was shown to fold in a 
relatively stable conformation containing at least three intermolecular disulfide bonds. 
Applicants discovered that, unlike proteins containing flexible regions, the TACE polypeptide 
(and more particularly, the TACE catalytic domain described in the instant application) folded 
into a relatively compact structure that was capable of packing productively in the crystal lattice 
and forming good lattice contacts. It was known in the art, at the time the instant application was 
filed, that variants of proteins with known crystallization parameters were likely to readily 
crystallize with similar crystal structures as long the variations introduced did not markedly 
affect intermolecular crystal contacts or amino acid residues important for protein stability (i.e., 
within the hydrophobic core). See Itoh, S. I. and M. A. Navia (1995) Protein Science, (4), 2261- 
2268 (copy submitted herewith as Appendix A). Even mutations that had an effect in altering 
protein stability were found to crystallize with similar crystallization parameters as the native 
protein, emphasizing that well-folded proteins can exhibit crystallization properties similar to the 
non-mutated counterparts. See Sauer, U. H., S. Dao-Pin, and B. W. Matthews (1992) Journal of 
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Biological Chemistry (267) 2393-2399 (copy submitted herewith as Appendix B). Therefore, in 
view of the stability of the TACE catalytic domain and the teachings in the specification, one of 
ordinary skilled in the art would have been able to practice the claimed invention, as amended 
herein, without undue experimentation. 

With respect to the state-of-the-art in generating TACE protein variants, techniques for 
generating mutant TACE proteins were known in the art and were performed routinely by 
molecular biologists at the time the present application was filed. The disclosure also describes 
and demonstrates methods for successfully crystallizing a TACE polypeptide using not one, but 
three crystallization buffers that comprise sodium citrate {see Example 2, paragraphs 100-108). 
Once the crystallization conditions are established, one of ordinary skill in the art could have 
practiced the claimed invention by routine experimentation by following the teachings provided 
in the specification. Two-dimensional and three dimensional structural information of the TACE 
polypeptide in crystal form is extensively provided throughout the application {see e.g., Table 1). 
Therefore, Applicants submit that following the teachings of the specification, one of ordinary 
skill in the art would have been able to generate crystals of TACE polypeptide having the 
structural information encompassed by the claims by practicing routine experimentation. 

The Office Action cites Branden et al, Drenth et al, and Kierzek et al in support of the 
allegation that the state of the art for making a protein crystal at the time of the invention was 
filed was highly unpredictable. 

As to the unpredictability of the crystallography art raised by the Examiner, it is 
acknowledged that establishing adequate protein crystallization conditions is a tedious and time- 
consuming process. However, this does not mandate a conclusion that the experimentation 
required for such process is necessarily undue as set forth by the enablement standard set out by 
the C.A.F.C. in Wands, 858 F.2d 731. 

Kierzek et al {Biophys Chem 91 : 1-20) provides that "each protein crystallizes under a 
unique set of conditions that cannot be predicted from easily measurable physico-chemical 
properties" and that "crystallization conditions must be empirically established for each protein 
to be crystallized." In maintaining this rejection, the Office seems to ignore the fact that the 
Applicants had disclosed (and optimized) in the present application several crystallization 
conditions of the catalytic domain of the TACE polypeptide. Not only the TACE polypeptide 
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had been successfully crystallized at the time of filing of the present application, but also the 
TACE three dimensional structure had been resolved. In fact, Applicants disclosed successful 
crystallization conditions using at least three different buffers (all three of which contain sodium 
citrate) and having pH's ranging from 5 to 8.7. Thus, the above-quoted passage by Kierzek et al. 
is simply not relevant to the present application as the successful crystallization of TACE had 
been performed and conditions for effecting the crystallization are disclosed in the instant 
application. 

To further support the Office's position on the lack of predictability of the art, the 
Examiner cites Wiencck (1999) Ann Rev Biomed Eng 1 :505-534 as teaching that "[pjrotein 
solubility will change dramatically as pH is altered by -0.5 pH units. . . some systems are 
sensitive to pH changes as small as 0.1 pH units." Applicants respectfully traverse the Office's 
generalization of the statements in the Wiencek reference. This reference is a general review of 
crystallization strategies and in the above-quoted passage lists pH as one of several factors that 
might influence protein solubility during crystallization. The Wiencek reference does not 
necessarily state that all proteins are exceptionally sensitive to pH, but that the effect of pH in 
protein solubility is protein-dependent. For example, the Wiencek reference provides that: 

The protein of interest will often dictate acceptable pH ranges for crystallization. Only 
pH values that maintain the folded structure of the protein are acceptable conditions for 
protein crystal growth. (Id. at 514). 

The TACE catalytic domain provides an example of a protein that is stable in a wide 
range of pH values. For example, the specification discloses that TCD formed "crystalline 
precipitate" over a pH range of 5.0 to 8.7 (a 3.7 change in pH units) (see e.g., paragraphs 103- 
106 of the specification), thus suggesting that the solubility of TCD is less sensitive to pH 
variations than other proteins, such as the ones described above in the Wiencek reference. One 
skilled in the art at the filing date would have recognized that proteins that form crystalline 
precipitates (such as the TCD), as opposed to amorphous precipitates (which are characteristic of 
irreversible denaturation), over a wide range of conditions is indicative of a well-folded protein 
that is more likely to pack productively in a crystal lattice. 
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Lastly, the Branden reference cited by the Office describes the availability of automated 
methods for speeding up "the tedious work of reproducibly setting up large numbers of 
crystallization experiments." See e.g., Branden at page 375. Methods of producing pure and 
homogeneous protein samples successful for crystallization can be readily obtained using 
recombinant techniques. Id. 

At page 17, the Office Action states that "[w]hile methods of protein crystallization were 
known at the time of the invention, it was not routine in the art to screen all polypeptides having 
a substantial number of variations and modifications as encompassed by the claims. . ." 

This aspect of the rejection has been met by the amendments to the claims made herein. 
As discussed above, the application teaches how to make and use crystals of TACE polypeptides, 
e.g., polypeptides that are the expression product of the polynucleotide encoding amino acids 1- 
477 of TACE as depicted in SEQ ID NO:8 and crystals of TACE polypeptides of monoclinic 
space group P21 and with unit cell dimensions a=61.38 A, b=126.27 A, c=81.27 A, and 
P= 107.41°. In view of the disclosure of the specification and the knowledge in the field of 
protein crystallography, undue experimentation would not be required to make and use the 
subject matter covered by the claims. 

The fact that some experimentation may be required does make it, per se, undue. As 

stated in the MPEP (§2164.01), 

The fact that experimentation may be complex does not necessarily make 
it undue, if the art typically engages in such experimentation. In re Certain 
Limited-Charge Cell Culture Microcarriers, 221 USPQ 1 165, 1 174 (Int'l 
Trade Comm"n 1983), affd. sub nom., Massachusetts Institute of 
Technology v. A.B. Fortia, 11 A F.2d 1 104, 227 USPQ 428 (Fed. Cir. 
1985). See also In re Wands, 858 F.2d at 737, 8 USPQ2d at 1404. The 
test of enablement is not whether any experimentation is necessary, but 
whether, if experimentation is necessary, it is undue. In re Angstadt, 537 
F.2d 498, 504, 1 90 USPQ 2 1 4, 2 1 9 (CCP A 1 976). 

In view of the foregoing, Applicants, therefore, respectfully request reconsideration and 
withdrawal of the rejections of claims 1-9 and 1 1-22 under 35 U.S.C. § 1 12, first paragraph, for 
failure to satisfy the enablement requirement. 
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For the reasons set forth above, applicants submit that all grounds for rejection have been 
overcome and that all of the pending claims are now in condition for allowance, which action is 
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Abstract 

The consequences of site-directed mutagenesis experiments are often anticipated by empirical rules regarding the 
expected effects of a given amino acid substitution. Here, we examine the effects of "conservative" and "noncon- 
servative" substitutions on the X-ray crystal structures of human recombinant FKBP12 mutants in complex with 
the immunosuppressant drug FK506 (tacrolimus). R42K and R42I.mutant complexes show 1 10-fold and 180-fold 
decreased calcineurin (CN) inhibition, respectively, versus the native complex, yet retain full peptidyl prolyl isom- 
erase (PPIase) activity, FK506 binding, and FK506-mediated PPIase inhibition. Interestingly, the structure of the 
R421 mutant complex is better conserved than that of the R42K mutant complex when compared to the native 
complex structure, within both the FKBP 12 protein and FK506 ligand regions of the complexes, and with respect 
to temperature factors and RMS coordinate differences. This is due to compensatory interactions mediated by 
two newly ordered water molecules in the R42I complex structure, molecules that act as surrogates for the miss- 
ing arginine guanidino nitrogens of R42. The absence of such surrogate solvent interactions in the R42K complex 
leads to some disorder in the so-called "40s loop" that encompasses the substituent. One rationalization proposed 
for the observed loss in CN inhibition in these R42 mutant complexes invokes indirect effects leading to a misori- 
entation of FKBP 12 and FK506 structural elements that normally interact with calcineurin. Our results with the 
structure of the R42I complex in particular suggest that the observed loss of CN inhibition might also be explained 
by the loss of a specific R42-mediated interaction with CN that cannot be mimicked effectively by the solvent mol- 
ecules that otherwise stabilize the conformation of the 40s loop in that structure. 

Keywords: calcineurin; immunophilins; site-directed mutagenesis; structure-based drug design; X-ray 
crystallography 



FK506 (United States Adopted Names Council of the American 
Medical Association, Chicago, Illinois [USAN], tacrolimus) is 
a natural product screening lead (Kino et al., 1987) now ap- 
proved for therapeutic use as an immunosuppressant in Japan, 
the USA, Germany, and other countries. FK506, in complex 
with its 12-kDa M r binding protein FKBP 12, exerts its immu- 
nosuppressive effects through the inhibition of calcineurin (CN), 
an intracellular Ca +2 -caImodulin-dependent phosphatase (Klee 
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& Cohen, 1988). CN inhibition, in turn, interrupts the induc- 
tion of IL-2 and other T-cell activation events (Friedman & 
Weissman, 1991; Liu et ah, 1991). A homologous natural prod- 
uct, rapamycin (AY-22,989; USAN, sirolimus), which was ini- 
tially discovered as an antifungal agent (Sehgal et al., 1975), can 
antagonize the CN inhibitory activity of FK506 (Bierer et al., 
1990a; Dumont et al., 1990b), even though it is itself an immu- 
nosuppressant by a different mechanism (Bierer et al., 1990a; 
Dumont et al., 1990a). These differences in CN inhibitory ac- 
tivity between the agonist FK506 and the antagonist rapamycin 
in their complexes with FKBP 12 (Table 1), were first explained 
within the framework of an elegant model (Schreiber, 1991) that 
focused attention on the corresponding differences in chemical 
structure between the two ligands in their so-called "effector do- 
main" region (see, e.g., Fig. 1). X-ray crystallographic studies 
have provided support for this model (van Duyne et al., 1991a, 
1991b, 1993; Becker etal., 1993; Rotondaet al., 1993; Connelly 
et al., 1994; Wilson et al., 1995), by showing that the effector 
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Table 1. Biochemical properties of the native 
and mutant complexes* 





Calcineurin 


Reduction 


FK506 


Specific 






vs. native 




PPIase activity 


Mmanl 


(nM) 


complex 


(nM) 


($-■ mM-*) 


Native 6 


5.5(1.8) 




0.6 (0.2) 


4.3 (0.4) 


R42K b 


590 (200) 


107.3 


0.6 (0.2) 


3.8 (0.3) 


R421 b 


970 (150) 


176.4 


0.1 (0.1) 


2.5 (0.3) 


R42Q C 


325 (150) 


59.1 


4.3 (2.0) 


3.0 (0.3) 


Native 41 , 


7,9 (3.0) 




0.4 (0.2) 


2.2 (0.2) 


R42Q d 


850 (250) 


107.6 


1.7 (0.6) 


1.3 (0.3) 


R42A d 


280 (80) 


35.4 


0.2 (0.1) 


1.1 (0.2) 


Chimera* 0 


19 (2) 


2.4 


0.4 (0.2) 


0.57 (0.05) 



a Summary of published biochemical data for native and mutant 
FKBP12 proteins and their complexes with FK506 and calcineurin. The 
inhibition constant for calcineurin by native and mutant FK BP 12 com- 
plexes with FK506 is given, along with the FKBP12 inhibition constants 
versus FK506 and the PPIase specific activity of the various FKBP12s 
versus a synthetic substrate. 

b Aldape et al. (1992). 

v Futer et al. (1995). 

d Yang et al. (1993). 

Substitute FKBP12 residues 40-44 (-RDRNK-) with the corre- 
sponding residues (-LPQNQ-) from FKBPI3. 



domains of FK506 and rapamycin do indeed protrude from the 
surface of their respective protein-ligand complexes (Fig. 2A) 
with distinct conformations that might be compatible with CN 
binding and inhibition for the one ligand, but not for the other. 
In turn, those chemical structure elements shared by the two li- 
gands (Fig. 1) were shown in those studies to constitute FKBP12 
"binding domains/' allowing a rationalization of the reciprocal 
antagonism between the two ligands in terms of their competi- 
tion for a common FKBP12 binding site. 

The effector domain model has retained broad acceptance as 
a first approximation to the complicated problem of immuno- 
suppressive drug design, in part because of its consistency with 
the observed loss of CN inhibitory activity that follows even mi- 
nor variation in the chemical structure of FK506 (Goulet et al., 
1994). By limiting the role of the FKBPI2 protein to that of a 
presenter of ligand functionality toCN (Schreiber, 1991; Rosen 
& Schreiber, 1992; Schreiber et al., 1993), the model reduces the 
scope of the drug design problem to one of simple mimicry of 
the conformation of the FK506 effector domain that protrudes 
from the surface of the native FKBP12-FK506 complex. Unfor- 
tunately, these efforts have yet to produce a linear or macro- 
cyclic drug lead - let alone a clinical candidate - that exceeds the 
potency of FK506 (Itoh et al., 1995); ligands predicted on the 
basis of this model have all turned out to be antagonists of FK506 
(see, e.g., Bierer el al., 1990b; Somers et al,, 1991; Armistead 
et al., 1995). 

Experimental evidence for a more complicated interaction be- 
tween CN and the FKBP12-FK506 complex first emerged from 
a systematic examination of the biochemical properties of site- 
directed mutants of charged residues on the surface of FKBP12 
(Aldape et al. , 1 992). The critical involvement of the M 40s loop" 
and "80s loop" regions of the protein (as defined in Fig. 2B) was 
established for this interaction by these and subsequent studies 
(Yang eta!., 1993; Futer etal., 1995), leading to a generalization 
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Rapamycin 

Fig. 1. A: Chemical structure of FK506 (USAN, tacrolimus). The ef- 
fector domain of FK506 (Schreiber, 1991) corresponds to those portions 
of the ligand (C18-C23 and substituents in the macrocycle, and C26- 
C34 in the cyclohexyi ring) that have been shown crystallographically 
to protrude from the surface of its complex with FKBPI2; structural 
elements in common between rapamycin and FK506 have been shown 
crystallographically to bind the PPIase active site of FKBP12 in the same 
manner (van Duyne et al., 1991a. 1991b, 1993; Becker et al., 1993; 
Rotonda et al., 1993; Armistead et al., 1995; Itoh et al, 1995; 
Wilson et al., 1995). B: Chemical structure of rapamycin (AY-22989, 
USAN, sirolimus). The rapamycin effector domain corresponds to at- 
oms C15-C29 in the macrocycle and C36-C42 in the cyclohexyi ring. 



of the effector domain model in the direction of a composite 
"effector surface" of both protein and ligand structural elements. 
Elsewhere, we have explored the structural consequences that fol- 
low substitutions in the 80s loop region of FKBP12 (Itoh et al., 
1995) and have identified composite features on the FKBP12- 
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Fig. 2. A: Comparison of the struc- 
tures of the FKBP12 complexes with 
FK506 (in red) and with rapamycin 
(in white). A dot representation of 
the surface of native FKBP12 (Wil- 
son et a)., 1995) is shown in blue and 
is represemative of the surface of 
the FKBP12 complex structures with 
FK506 and rapamycin. B: Conforma- 
tion of the backbone Ca of FK BP 12 
in its complex with FK506 is shown 
in blue. The 40s loop and 80s loop re- 
gions of the FKBP12 protein are spe- 
cifically identified in yellow and red, 
respectively. The 40s loop is made up 
of residues 40-44 in FKBP12, which 
form a bulge on the third 0-strand of 
the protein, as defined by van Duyne 
et al. (1991a). The 80s loop includes 
residues 84-91 on the edge of the 
fifth 0-strand of the structure. 
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Loop 



FK506 effector surface that might be candidate CN recognition 
and binding elements (Wilson et aL, 1995). In this paper we focus 
on structural elements in the 40s loop regibnof FKBP12 and, in 
particular, on substitutions at residue 42 of the protein, which 
demonstrate profound (Table 1) but complicated effects on the 
CN inhibitory potency o f the corresponding mutant complexes 
with FK506, These mutant data have led to proposed m^hanisrhs 
of action, which are distinctly different in their character and con- 
sequences, that need to be resolved (Clardy, 1995), 



Results 

Crystallization, data collection, and refinement statistics for the 
native and mutant, complex structures reported here are given 
in Table 2, along with RMS differences in conformation and mo- 
bility versus the native complex structure; biochemical data are 
summarfc^ literature (Aldape et al., 1992; 

Yang et ai.V 1 9^3; Futer et al., 1995) in Table 1 . In all the com- 
plexes studied, the FKBP12 fold (Fig. 2B) that was seen in the 
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Table 2. Summary of the wild-type and mutant 
complex structure analyses* 





Wild type 


R42K 


R42I 


Area flplpfinr n«;<»ri 


oiwuicns 


Riguku 


Rigaku 


P4 2 2,2 unitccll;a, c(A) 


58.39, 55.76 


58.31, 55.93 


58.25, 55.98 


Resolution (A) 


6.0-1.5 


6.0-1.5 


6.0-1.6 


No. observations 


76,344 


43,603 


44,188 


% Refaction {/ > 2a) 


81.4 


88.1 


89.7 


/?-merge (Vo) 


3.99 


5.88 


3.15 


fl-factor (%) 


16.6 


18.7 


16.8 


No. water molecules 


85 


83 


87 


RMS bond length error (A) 


0.016 


0.016 


0.018 


RMS bond angle error (deg) 


2.74 


2.85 


2.93 


Avg. FK506 ff-lactors (A 2 ) 


12.3 


15.3 


11.0 


FK506 RMS diff vs. wi (A) 




0.139 


0.123 


FKBP12 RMS dirr vs. \vt (A) 




0.146 


0.147 



u Native and mutant FKBPI2 complexes all share the native crystal form first 
reported by van Duync ci al. (1991a). 
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native complex structure (van Duyne et al., 1991a) is strongly 
conserved, consistent with the observed retention of PPlase and 
FK506 binding activity (Table 1). In this study, a considerable 
effort was made to crystallize all the complexes reported in a 
common crystal form (Table 2), in order to facilitate a direct 
comparison between structures. This crystal form turned out to 
be that of the native FKBPI2-FK506 complex (van Duyne et al., 
1991a), as a consequence of seeding mutant complex crystalli- 
zation experiments with microcrystals of the native complex and 
subsequently using crystals from those solutions as macroseeds 
leading to data quality mutant complex crystals. 

In the native complex structure (red coordinates in Fig. 3A, 
Kinemage 1), the two guanidino nitrogens of R42 are seen to sta- 
bilize the M 40s loop" of FKBP12 through their participation in 
a bridging network of noncovalent interactions between residues 
D37 and K44. In the R42I mutant complex structure (yellow co- 
ordinates in Fig. 3A, Kinemage 1), two tightly bound water mol- 
ecules (yellow in Fig. 3A, Kinemage 1) substitute for the missing 



A 




Fig. 3. A: Comparison of thestructures of native (red) and R421 mutant (yellow) FKBP12 comptexes with FK506. Refined co- 
ordinates (Table 2) of both complex structures are superimposed in the figure, together with the 2|f 0 | - |F C | electron density 
(in blue) of the R42I mutant complex structure, contoured;at lo above background. Part of the FK506 binding domain is shown, 
as well as residues surrounding R42 and H87 in the protein, Water molecules bridging residues D37 and K44 are shown in green 
and yellow, corresponding to the R42I mutant complex structure. Dashed lines indicate bond distances between the water mol- 
ecules. Our observations are inconsistent with the suggestion of Yang et a! (1993) that R42 mutants exert their effects indirectly, 
by reorienting nearby regions of the cbrhplex structure. Nor does the conformation of the 40s loop change as drastically as that 
of FKBP13 (Schultz et at., 1994) as a consequence of these substitutions. B: Dot-surface representation of the R42I mutant com- 
plex structure in the vicinity of FK506 Two water molecules (shown in green) in the R42I mutant complex structure fit readily 
into the gap created by the R42I substitution and act as surrogates for tbe.missing guanidino nitrogens of R42 in bridging resi- 
dues D37-K44. This interaction helps preserve the native conformation in the mutant complex and maintains PPlase and FK506 
binding activity. Nonetheless, CN inhibition is drastically reduced (Table I), suggesting a specific protein-protein interaction 
in the native complex that the water surrogates would be unable to mimic C*. Structure of the R42K mutant complex (in green) 
compared to that of the native complex (in red). As al?ove, the 2|f 0 | - electron density corresponding to the R42K mu- 
tant complex, contoured at la above background, is presented in blue. (Continues on facing page.) 
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Fig. 3. Continued 
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arginine guanidino nitrogens of R42, and are well accommodated 
(Fig. 3B, Kinemage 1) in che gap created by the smaller isoleucine 
substituent; a third water molecule (green in Fig. 3A, Kinemage 1) 
is apparently common to all the FKBP12 complex structures. As 
guanidino nitrogen surrogates, the two water molecules help to 
preserve the native complex 40s loop conformation in the R42I 
mutant complex, with an RMS deviation of 0.147 A between the 
structures (Table 2). This interaction resembles one seen in the 
structure of a T1570 mutant of T4 iysozyme (Alber et al., 1987; 
Matthews, 1993), where an ordered water molecule, acting as 
a surrogate for the missing T157 hydroxyl, preserves the pattern 
of stabilizing hydrogen bonding interactions seen in the native 
protein. It is interesting that, in spite of the high degree of con- 
servation seen in the structure of the R42I mutant complex, CN 
inhibition is nonetheless reduced by -7 180-fold (Table 1). 

In the structure of the FK506 complex with the more conser- 
vative R42K mutant protein, the single e-amino nitrogen of the 
lysine side chain is unable to substitute for both of the guani- 
dino nitrogens of arginine (red in Fig. 3C, Kinemage 1); nor does 
the substitution leave enough space for an additional water mol- 
ecule to insert itself as a surrogate, as shown in Figure 3B 
(Kinemage 1) for the R42I mutant complex. The resulting de- 
stabilization of the 40s loop is reflected in the higher tempera- 
ture factors observed in that region of the protein (Fig. 4), even 
though the conformation of mutant protein complex still closely 
resembles that of the native (Fig. 3C, Kinemage )), and FK506 
binding and PPlase activity are preserved (Table 1). 



Discussion 

Two working models have emerged to rationalize the profound 
though complicated effects on CN inhibition that accompany 
substitutions in and around residue 42 of FKBP12. The simpler 
of these is made evident in the R42 single-site mutant complexes 
that were first characterized biochemically by Aldape et al. (1 992), 
whose crystal structures are described here. In that model, the 
observed loss of CN-inhibitory activity can be immediately ex- 



40 r 




FKBP12 Residue Number 



Fig. 4. Average X-ray temperature factors for the main-chain heavy 
atoms of FKBP 1 2 for the native and the two mutant complex structures. 
Residues showing high temperature factors correspond to loop regions 
in the structure of FKBP 12, These have been shown previously to be re- 
gions of local flexibility within the protein that were identified through 
a crystal structural analysis of 19 FKBP12~ligand complexes, each in 
a different crystal-packing arrangement (Wilson et al., 1995). 
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plained in terms of a direct and localized perturbation, by the 
substituted residue, of the effector surface presented to CN by 
the corresponding FKBP12-FK506 complex. The Merck group 
(Becker et al., 1993; Rotonda et al., 1993) arrives at a similar 
conclusion in their analysis and comparison of the structures of 
human and yeast FKBP12-FK506 complexes and of the human 
FKBP12 complex with L-685,818, an 18-hydroxy,21 -ethyl an- 
alog of FK506. 

Yang et al. (1993), however, have suggested that substitutions 
at R42 exert their influence on CN inhibition indirectly, through 
a generalized conformational misorientation of nearby elements 
of the FKBP12-FK506 effector surface. This model is inferred 
from the curious pattern of CN-inhibitory activity evidenced in 
the FKBP12/13 chimeras studied by these workers. Substitution 
in FKBP1 2 of the corresponding 40s loop sequence from FK BP 1 3 
(i.e., replacing the sequence RDRNK with LPQNQ) leads to 
only a modest loss of CN-inhibitory potency (by -2-fold to 
19 nM). In turn, the single site R42Q mutant complex is severely 
compromised (by -100-fold, to 850 nM), even though the R42Q 
substitution is incorporated in the FKBP12/13 chimera. From 
these observation, Yang et al. (1993) concluded that the effects 
of an R42 substitution would have to be strongly contextual. In 
other words, R42 and Q42 would each be appropriate to the 40s 
loop of FKBP 12 and FKBP 1 3 respectively, with only a modest 
loss of activity for the latter in the chimeric FKBP 12/ 13 com- 
plex. An incompatible substitution, such as that of R42Q into 
FKBP12, would then lead to a significant and generalized dis- 
ruption of the effector surface, an event that would be reflected 
in the much lower CN-inhibitory activity seen in the single- 
mutant complexes. Clardy (1995) has noted that the 40s loop in 
the structure of the native FKBPI3-FK506 complex is displaced 
by about 2 A RMS relative to the FKBP1 2-FK506 complex when 
these are overlapped, a point in support of the Yang et al. (1993) 
thesis. 

The structural data presented here for the R42K and R421 mu- 
tant complexes show no such significant rearrangement of the 
40s loop, the 80s loop, or any other part of the FKBP 12 pro- 
tein (Fig. 3). Nor do we observe a change in the conformation 
of FK506, even though we have demonstrated elsewhere (Itoh 
et al., 1995) that just such a conformational transformation is 
present in the FKBP 12 R42K-H87V double mutant complex 
(Kinemage 2). All of our mutant complex structures (including the 
Itoh et al. (19951 double-mutant complex) have been solved in 
the same native FKBP12-FK506 complex crystal form described 
by van Duyne et al. (1991a), a crystal form that includes a sig- 
nificant number of ligand-ligand interactions (van Duyne et al M 
1993; Wilson et al., 1995) that might otherwise have compro- 
mised the comparative interpretation we've presented for these 
structures. Even in the R42K mutant complex, where a signifi- 
cant increase in the temperature factors of the 40s loop of the 
mutant complex structure is observed (see Fig. 4), the weakened 
electron density in this region (Fig. 3C) is still consistent with the 
conformation of the 40s loop found in the native complex struc- 
ture. In the less conservative R421 mutant complex structure, 
however, the fortuitous and unexpected ordering of two water 
molecules (Fig. 3A,B) acting as surrogates of the missing gua- 
nidino nitrogens of R42, leads to a more highly conserved struc- 
ture, even though the loss of CN-inhibitory activity is also 
greater (~ 180-fold at 970 nM for the R42J mutant complex ver- 
sus - 1 10-fold at 590 nM for the R42K mutant complex; Table 1). 

Elsewhere, we describe the structures of FKBP 12 (Itoh et al., 
1995) and FKBP13 (Griffith JP, Wilson KP, Futer O, Living- 
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ston DJ, Navia MA. Structure of a mutant FKBP13-FK506 com- 
plex that is a high affinity inhibitor of calcineurin [manuscript 
in preparation]) mutant complexes that are inconsistent with the 
hypothesis that significant structural rearrangements in the 80s 
loop region of FKBP12 are responsible (Yang et al., 1993; 
Clardy, 1993, 1995) for the loss of CN-inhibitory activity seen 
in the corresponding FKBP12 mutant complexes. Nor do the re- 
sults presented here support a similar hypothesis for the 40s loop 
region. Given our structural observations, one might speculate 
that R42 participates in some direct interaction with CN that 
cannot be effectively mimicked by the guanidino nitrogen sur- 
rogate water molecules that stabilize the 40s loop in the R42I mu- 
tant complex structure. With the R42K mutant complex, one 
might further consider an intermediate level of interaction with 
CN, through the single e-amino nitrogen of the lysine substitu- 
ent, and in spite of the greater disorder in the 40s loop. Teague 
(1995) has recently restated the importance of a conformation- 
ally well-defined recognition surface in promoting a strong in- 
teraction between exposed hydrophobic elements, such as are 
found in the FKBP12-FK506 effector surface and are presumed 
to exist on the complementary surface of CN. Our results show 
that relatively minor, localized perturbations of the CN com- 
plementarity of the FKBP12-FK506 effector surface can lead 
to quite significant effects on the CN-inhibitory potential of the 
resulting mutant complexes. 

Methods 

Mutant FKBP12 protein was prepared as reported (Aldape 
et al., 1992; Park et al., 1992; Wilson et a)., 1995). Native and 
mutant FKBP12-FK506 complexes were prepared and crystals 
were grown essentially as described (van Duyne et aL, 1991a; 
Wilson et al., 1995). Native crystals were used to seed the mu- 
tant complex crystallization experiments, and all the species re- 
ported here crystallized isomorphously in the native crystal 
form, as shown in Table 2. Diffraction data were collected on 
an X1000 multiwire area detector (Siemens Analytical Instru- 
ments, Madison, Wisconsin) or on an R-Axis II image plate 
detector (Rigaku/MSC, Woodlands, Texas), as indicated in Ta- 
ble 2. Data collection and processing used software provided by 
the manufacturers. All data were collected at room temperature. 
The reported structure of native FKBP12 in complex with FK506 
(van Duyne et al., 1991a; Brookhaven Protein Data Bank (Bern- 
stein et al., 1977) entry 1FKF) was used directly as an initial 
model for the crystallographic refinement of the mutant and na- 
tive protein complexes. Refinement was by simulated annealing 
using the X-PLOR program package (Brunger, 1992). Mutated 
amino acids were initially refined as alanine, and the actual mu- 
tant side chains were introduced as refinement progressed. Water 
molecules were positioned in the model with the aid of a peak 
search program (SERC Daresbury Laboratory, 1979). The pro- 
gram QUANTA (Molecular Simulations; Burlington, Massa- 
chusetts) was used to examine electron density maps and protein 
models and for the superposition of structures and the calcula- 
tion of the RMS differences reported (Table 2). Coordinates for 
the structures are being deposited in the Protein Data Bank. 
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Note added in proof 

A structure determination of the native FKBP12-FK506 com- 
plex bound to calcineurin has now been reported (Griffith JP, 
Kim JL, Kim EE, Sintchak MD, Thomson JA f Fitzgibbon MJ, 
Fleming MA, Caron PR, Hsiao K, Navia MA. 1995. X-ray 
structure of calcineurin inhibited by the immunophilin- 
immunosuppressant FKBP12-FK506 complex. Cell 52:507-522). 
A preliminary fit of mutant FKBP 12 complex structures to the 
native FKBP 12 in the calcineurin complex is entirely consistent 
with the results presented in this paper. 
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To investigate the ability of a protein to accommo- 
date potentially destabilizing amino acid substitutions, 
and also to investigate the steric requirements for ca- 
talysis, proline was substituted at different sites within 
the long a-helix that connects the amino- terminal and 
carboxyl- terminal domains of T4 lysozyme. Of the four 
substitutions attempted, three yielded folded, func- 
tional proteins. The catalytic activities of these three 
mutant proteins (Q69P, D72P, and A74P) were 60- 
90% that of wild-type. Their melting temperatures 
were 7-12 °C less than that of wild-type at pH 6.5. 
Mutant D72P formed crystals isomorphous with wild- 
type allowing the structure to be determined at high 
resolution. In the crystal structure of wild-type lyso- 
zyme the interdomain a-helix has an overall bend angle 
of 8.5°. In the mutant structure the introduction of the 
proline causes this bend angle to increase to 14° and 
also causes a corresponding rotation of 5.5° of car- 
boxy 1- terminal domain relative to the amino- terminal 
one. Except for the immediate location of the proline 
substitution there is very little change in the geometry 
of the interdomain a-helix. The results support the 
view that protein structures are adaptable and can 
compensate for potentially destabilizing amino acid 
substitutions. The results also suggest that the precise 
shape of the active site cleft of T4 lysozyme is not 
critical for catalysis. 



Phage T4 lysozyme is a small monomeric protein with its 
structure divided into two distinct domains (Fig, 1). The active 
site is located at the junction of the two domains, and it might 
be expected that the alignment of one domain relative to the 
other would be critical for catalytic activity (c/„ Storm and 
Koshland, 1970, but see also Jenks, 1969; Knowles, 1991). On 
the other hand, the crystal structure of a fully active mutant 
of T4 lysozyme has recently been described in which there is 
substantial variability in the "hinge-bending angle" between 
one domain and the other (Faber and Matthews, 1990), 

To investigate the ability of T4 lysozyme to compensate for 
disruptive changes in its structure and to determine the need 
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to conserve the alignment of the active site cleft, a series of 
proline substitutions was made in the long interdomain a- 
helix. Studies of proline substitutions and proline replace- 
ments in proteins and peptides include Matthews et al (1987), 
Alber et al (1988), O'Neil and DeGrado (1990), Strehlow et 
al (1991), and Consler et al (1991), among others. 

The amino acids chosen for substitution with proline, Gln- 
69, Val-71, Asp-72 and Ala-74, are located in the middle of 
the long a-helix (residues 60-80) that connects the two do- 
mains of T4 lysozyme (Fig. 1). It was expected that the 
substitution of a proline at any of these sites would tend to 
significantly distort the a-helix and therefore change the 
alignment of the "upper" and "lower" domain. By making a 
series of replacements it was anticipated that the active-site 
cleft would be distorted in different ways. Also by including 
different substitutions it was possible to include sites that 
were both buried and solvent-exposed, 

Gln-69 is largely exposed to solvent (Table I, Fig. 1) and its 
side chain does not obviously participate in stabilizing inter- 
actions with other parts of the protein, Val-71 is almost but 
not entirely buried. Its side chain makes many contacts with 
the non-polar residues Iie-3, Phe-4, Leu-7, Phe-67, Ala-74, 
He- 100, and Phe-104 that contribute to the hydrophobic core 
both within the carboxyl-terminal domain of T4 lysozyme 
and connecting one domain with the other. Asp-72 is very 
solvent exposed and its side chain is located on the "back- 
side" of the interdomain a-helix relative to the rest of the 
lysozyme molecule (Fig. 1). Ala-74 is largely, but not entirely 
buried, and makes non-polar contacts with residues Val-71, 
Ile-100, Val-103, and Phe-104 that contribute to the hydro- 
phobic core in the carboxyl-terminal lobe of the molecule. In 
wild-type lysozyme Asp-70 makes an unusually strong salt 
bridge with His-31 (Anderson et al, 1990). Asp-70 also accepts 
a hydrogen bond from the backbone amide of Ala-74. Since 
the replacement of Ala-74 with proline eliminates any possi- 
bility of hydrogen bonding to the amide it was likely that this 
replacement would perturb the Asp-70. . .His-31 salt bridge. 

EXPERIMENTAL PROCEDURES 

Mutagenesis— The proline mutations were introduced by site-di- 
rected mutagenesis according to the uracil template method developed 
by Kunkel (Kunkel, 1986; Kunkel et al t 1987). The cysteine-free 
"pseudo wild-type" lysozyme (WT'),' in which the 2 cysteine residues 
present in wild-type had been replaced in order to facilitate thermo- 
dynamic measurements (Wetzel et al, 1988; Matsuraura and Mat- 
thews, 1989; Pjura et aL, 1990) was used as the reference protein. The 
lysozyme e-gene contained within a 630 base-pair SomHI-Kindlll 
fragment had been previously cloned into phage Ml 3 mpl8 yielding 
the derivative M13 mpl8 T4e C54T C97A. It was then transformed 
into Escherichia coli strain CJ236 (dut, ung-, thil, relA/pCJ105(CM')) 

1 The abbreviation used is: WT*, pseudo wild-type. 



i 

3 



a 
a> 
a 

Ef 
3 



o 
<B 

§ 

c 

<< 

N> 
CO 

ro 
o 
o 
->4 



2393 



2394 



Proline Substitutions in T4 Lysozyme 




Fig, 1. Backbone of T4 lysozyme showing the locations of 
the proline substitutions discussed in the text. Mutations Q69P, 
D72P, and A74P give active, folded protein. 

which was used to prepare uracil-containing single-stranded template 
DNA. After annealing of the mutagenic primer to WT* template 
DNA, circularization was accomplished by using the Klenow fragment 
of E. coli DNA polymerase I and T4 DNA tigase. The double-stranded 
DNA was subsequently used to transform competent E. coli JM101 
cells. Sequencing of the whole lysozyme gene was carried out to 
confirm that no changes had occurred other than the ones introduced. 

Protein Purification— Following subcloning into the plasmid 
expression vector pHNU03 (Muchmore et o/., 1989; Poteete et al t 
1991) 100 ml of cells grown overnight in 100 ml of LBH broth (10 g 
of tryptone, 6 g of NaCl, 1 ml of 1 M NaOH/liter) was added to 3 
liters of LB broth (12 g of tryptone, 5 g of yeast extract, 10 g of NaCl, 
1 g of glucose/liter) and grown at 37 *C under constant agitation (700 
rpm) and air flow (12 liters/min) in a 5-liter fermenter until the 
optical density at a wavelength of 595 nm reached a value of 1.2. The 
temperature was then decreased to 26 *C, agitation and aeration were 
reduced to 200 rpm and 7 liters/min, respectively. Isopropyl-0-thio- 
galactoside (800 mg) was added to the growth media in order to induce 
lysozyme expression which was allowed to proceed for 100 min under 
continued stirring and aeration. The cells were then harvested into a 
5-liter Erlenmeyer flask where they lysed. A few grains of DNase I 
were added to the now thick and viscous lysate which was left stirring 
at 4 *C for 2.5 h. The lysed cell suspension regained almost the 
viscosity of LB broth, was then taken out to room temperature, and 
placed on a magnetic stirrer for 30 min to allow for complete cell 
lysis. This step almost doubled the final yield of proline-containing 
mutant lysozymes. The lysate became more viscous again and was 
placed back at 4 stirring for another 1.5 h until it regained the 
fluidity of LB broth. All the subsequent purification steps were carried 
out at 4 'C. After centrifugation at 10,000 rpm (17,700 X g) for 2 h, 
only the supernatant contained mutant lysozyme. It was dialyzed 
against 20 mM phosphate buffer at pH 6.5 until the conductivity 
reached a value of 3.8 mS/cm (1 Siemens * 1 ft ~ J ). The dialyzed 
supernatant was loaded onto a 2.5 x 10-cm CM-Sepharose ion- 
exchange column which had previously been equilibrated with 400 ml 
of 50 mM Tris buffer at pH 7.3. Mutant lysozyme was eluted using 
an 800-ml salt gradient in the range from 50 to 300 mM NaCl in 50 
mM Tris buffer, pH 7.3. Elution was monitored at a wavelength of K 
« 280 nm. Peak fractions (absorbance at a wavelength of 280 nm 
above 0.4 units) were pooled, dialyzed against 50 mM phosphate 
buffer at pH 5.8 for 12 h, and concentrated on a 1 X 5-cm SP- 
Sephadex column previously equilibrated with the same buffer. The 
protein was eluted with SP buffer (100 mM NaPO<, pH 6.5, 550 mM 
NaCl, 0.02% NaN 3 ) and stored in this buffer at 4 "C. Based on sodium 
dodecyl sulfate and high performance liquid chromatography analysis 



the purity of the mutant T4 lysozyme was estimated to be over 95%. 
Final amounts of 60-120 mg of mutant T4 lysozyme proteins were 
obtained. Wild-type T4 lysozyme typically yields about 150 rag/3- 
liter preparation. 

The activity of the mutant lysozyme was measured at room tem- 
perature using the turbidity assay described by Taugita (Tsugita et 
ol, 1968). Since absolute rates were not reproducible, activities were 
normalized to a wild-type control. 

Measurement of Thermal Stability— Thermal denaturations at pH 
2.0 and 6.5 were monitored by circular dichroism (CD) at a wavelength 
of X «= 229 nm on a Jasco J-500C spectropolarimeter as a function of 
temperature (Elwell and Schellman, 1975; Dao-pin et ai, 1990). The 
temperature was varied from 0 to 75 *C at a rate of 1 'C/min with a 
Hewlett-Packard 89100A temperature controller interfaced to a Hew- 
lett-Packard 87 XM computer. The protein concentration was ad- 
justed to 0.02 mg/m) by measuring the absorbance at X » 280 nm 
using a double beam Varian 2290 spectrophotometer. A probe im- 
mersed in the sample solution just above the UV beam recorded the 
temperature. The solution was continuously stirred with a magnetic 
stirbar. Buffer solutions (150 mM KC1, 10 mM HCl at pH 2.0 and 150 
mM KG, 10 mM potassium phosphate at pH 6.5) were prepared from 
doubly deionized, degassed H 2 0 and were filtered before use through 
a 22-^m Millipore filter unit. 

Thermal denaturations were repeated at least three times. Meas- 
urements of the mutants were flanked by WT* thermal denaturations 
under exactly the same conditions in order to minimize errors (Dao- 
pin et al t 1990). The data were analyzed using standard van't Hoff 
techniques (Becktel and Schellman, 1987; Dao-pin et a/., 1990). 

Crystallographic Methods— Crystal growth was attempted using 
both hanging-drop 2 as well as batch methods (Weaver and Matthews, 
1987; Alber and Matthews, 1987) under conditions similar to those 
used for wild-type lysozyme. Both methods yielded crystals of D72P 
isomorphous with WT in the space group P3 2 21. 

Refinement was carried out using the TNT package of refinement 
programs (Tronrud er oL t 1987). The positional coordinates and the 
temperature factors were refined simultaneously using the "conjugate 
directions" option in TNT which improves convergence. 3 

The starting model for refinement was the refined structure of the 
cysteine-free wild-type (WT*) (Pjura et oZ, 1990; Bell et al, 1991) 2 
with residue 72 truncated to Ala. The general approach was to begin 
with low resolution {&-4 A) rigid body refinement with the molecule 
considered as a single unit. This was followed by further rigid body 
refinement but with the mutant molecule divided into two parts 
(residues 1-80 and 81-162). Finally, the molecule was divided into 
three blocks (residues 1-59, 60-80, and 81-162). After examining the 
model on the graphics terminal (Jones, 1978), proline was built at 
position 72 and water molecules from the WT* structure were in- 
cluded in the model. Several cycles of positional refinement using 
moderately weighted geometric constraints were performed using data 
between 20 and 1.9 A. Again, the model was inspected on the graphics 
terminal, some water molecules were added, others repositioned, and 
some side chains adjusted to better fit the electron density. Only 
those water molecules which had a final refined temperature factor 
of less than 80 A 2 , and, in addition, formed hydrogen bonds to protein 
or other bound water molecules and had no steric clashes were 
retained. Thereafter, several cycles of simultaneous positional and 
temperature factor refinement were alternated with model building 
until the crystallographic residual converged. The number of solvent 
molecules in the refined model is roughly the same as for WT* 
lysozyme, i.e. about 145. The refined coordinates have been deposited 
in the Brookhaven Data Bank. 

RESULTS 

Expression of Mutant Proteins 

Gln-69 — » Pro— Mutant Q69P could be expressed and pu- 
rified in a straightforward manner, yielding up to 100 mg of 
protein from 4 liters of culture medium. The activity of the 
protein is close to that of wild-type. (Table I), but it is less 
stable, with melting temperature 12.9 *C less than wild-type 
at pH 2.2 and 7.6 *C lower at pH 6.5. This behavior corre- 
sponds to that of a typical "temperature sensitive" mutant of 

* A. E. Eriksson, W. A. Baase, and B. W. Matthews, manuscript in 
preparation. 

8 D. E. Tronrud, submitted for publication. 



f 



( 



Proline Substitutions in T4 Lysozyme 



2395 



Table I 
Sites of proline replacement 



Amino 
acid 


Fraction of side chain 
accessible to solvent 


Mutant 


Relative 
activity 








% 


Gln-69 


0.75 


Q69P 


88 


Val-71 


0.06 


V71P 


a 


Asp-72 


0.76 


D72P 


57 


Ala-74 


0.04 


A74P 


66 



0 Purified protein was not obtained for V71P. 

Table II 

Thermal stability of proline-containing mutants 
T m is the melting temperature and &T m the difference between the 
melting temperature of the mutant and that of the pseudo wild-type 
lysozyme (see text). AAG, the difference between the free energy of 
unfolding of the mutant and pseudo wild-type lysozyme, was esti- 
mated from the relationship AAG «■ AS« AT„ (Beckte! and Schellman, 
1987) where AS is the entropy of unfolding of the wild-type protein 
(257 and 378 cal/degree mol at pH 2.0 and 6.5). This relationship 
may not be reliable when AT m is large. The quoted values of AAC? are 
subject to error, estimated as ±0.5 kcal/mol for Q69P and D72P and 
±1 kcal/mol for A74P. The estimated error in T m is ±0.3 # C for Q69P 
and D72P and ±0.5 'C for A74P. 



Protein 


pH 


T m of mutant 




A7V. 


AAG 












kcal/mol 


Q69P 


2.0 


25.6 


38.5 


-12.9 


-3.3 




6.5 


55.6 


63.2 


-7.6 


-2.9 


D72P 


2.0 


28.3 


38.5 


-10.2 


-2.6 




6.5 


56.3 


63.4 


-7.1 


-2.7 


A74P 


3.5 


39.3 


57.5 


-18.2 


-5.7 




4.0 


46.9 


62.2 


-15.3 


-5.0 




5.5 


53.3 


65.7 


-12.4 


-4.5 




6.5 


50.8 


62.9 


-12.1 


-4.6 



T4 lysozyme selected by the random screen of Streisinger et 
al (1961) (c/. Griitter et al. t 1979, 1987; Hawkes et a/., 1984). 
When stored at 4 Q C at about 50 mg/ml, Q69P tended to form 
white opalescent aggregates which dissolved on warming to 
room temperature. This process was reversible and seemed to 
have no effect on stability or activity. Small crystals of the 
protein were obtained, apparently non-isomorphous with 
wild-type. 

Val-71 Pro— When V71P DNA was transformed into E. 
coli and the ability of a bacterial extract tested to form a halo 
on iBopropyl-l-thio-0-D-galactopyranoside lysis indicator 
plates, no halo could be seen at 37 *C. After 24 h at 4 8 C, a 
small halo was visible but we cannot rule out the possibility 
that this might be due to a small amount of WT* present as 
an impurity. Attempts to purify V71P by the method de- 
scribed above, or by using a French press to break open the 
bacterial cell walls, or by an alternative method described by 
Dao-pin et al (1991b) were all unsuccessful. We presume that 
V71P is very unstable and/or is rapidly degraded by proteol- 
ysis. 

Asp-72 -+ Pro— As with Q69P this protein could be readily 
purified by the standard procedure, yielding up to 130 mg of 
protein from a 4-liter culture. Its activity is about 60% that 
of wild-type (Table I) and it is less stable (Table II), again, 
roughly comparable to a typical temperature-sensitive mu- 
tant. Crystals isomorphous with wild-type could be grown at 
4 °C using both batch and hanging-drop techniques. The latter 
method gave the largest crystals, 0.5 X 0.65 X 0.3 mm, from 
2.0 M phosphate atpH 7.1. Some apparently non-isomorphous 
crystals were also obtained at 15 °C but have not been exam- 
ined. 

Ala-74 Pro—As for Q69P and D72P, A74P behaved 



normally and yielded ~140 mg of protein/preparation from a 
4-liter culture. The apparent activity is about two-thirds that 
of wild-type (Table 2), This mutant is less stable than both 
D72P and Q69P (Table II). Because of the low stability the 
protein tends to be partially unfolded at low pH, so the 
stability measurements under these conditions are less relia- 
ble than at higher pH. Some crystals of this protein were 
obtained from 50 dim phosphate, pH 7.9, 16% PEG 8000 and 
are non-isomorphous with wild-type. 

Structure of D72P 

The crystals of D72P appeared to be somewhat more sen- 
sitive to radiation than wild-type lysozyme and did not diffract 
as well. For this reason the exposure time per frame on a 
Xuong-Hamlin area detector syBtem operating with graphite- 
monochromated CuK* radiation from a Rigaku generator (40 
kV, 100 m A) was increased to 60 s, compared to the usual 30 
s for WT. Under these conditions the data set to 1.9 A was 
89% complete (Table III). 

The map showing the difference in density between D72P 
and WT* lysozyme is shown in Fig. 2a. The positive density 
feature confirms the addition of the pyrrolidine ring. Also 
there is negative density at the site previously occupied by 
the carboxylate of Asp-72. Positive and negative densities also 
indicate the movement of the carbonyl oxygen of Asn-68 away 
from the helix axis (Fig. 26). A negative feature next to the 
carbonyl group of Asp-70 indicates a movement of the oxygen 
toward the helix axis. The side chain of Asp-70 also moves 
slightly, as does His-31 (not shown) maintaining the strong 
(Anderson et aL t 1990) His-31. . .Asp-70 salt bridge. The 
movement of His-31 together with slight adjustments occur- 
ring throughout the lower lobe give the impression that the 
lower part of the long a-helix and the lower domain move as 
an essentially connected unit. 

There is, however, a movement of the upper domain relative 
to the lower one. This shift is shown in Figs. 3 and 4. If 
backbone atoms in the amino-terminal domain of the mutant 
structure (residues 13-59) are superimposed on the corre- 
sponding atoms in WT* lysozyme (Fig. 4o), they have root- 
mean-square discrepancy of 0.16 A, which is essentially ex- 
perimental error. Similarly, the respective backbone struc- 
tures within the carboxyl-terminal domains are also well 
conserved (root-mean-square discrepancy of 0.18 A for resi- 
dues 81-162, Fig. 46). This shows that the structures within 

Table III 
Data collection and refinement statistics 
Data for WT* taken from Eriksson et al 1 



Protein 



WT* 
(C54T/C97A) 



D72P 



Data collection statistics 
Mode of data acquisition 

Cell dimensions 

a,b(A) 

c(A) 
Resolution (A) 
Unique reflections 
Completeness of data {%) 
(on intensities) {%) 

Refinement statistics 
Resolution limits (A) 
RMS' deviation from ideal values 

Bond length (A) 

Bond angle (') 
Crystallographic residual {%) 



Film 


Area detector 




(Xuong-Hamlin) 


60.9 


60.8 


96.8 


98.6 


1.75 


1.9 


14,562 


15,147 


65.0 


89.4 


4.6 


5.5 


6.0-1.75 


20.0-1.9 


0.015 


0.013 


2.1 


2.0 


14.8 


16.7 



B Root-raean-square. 
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Pig. 2. a t map showing the difference in density between D72P lysozyme and wild-type. Amplitudes (F M « - 
Fwr) where F M ut and Fwr are the structure amplitudes observed for the mutant and pseudo wild-type crystals. 
Phases calculated from the refined pseudo wild-type structure. Positive contours {solid) and negative contours 
(broken) drawn, respectively, at +3<r and -3* where a is the root-mean-square value of the density throughout the 
unit cell. 6, superposition of the A72P mutant structure (solid bonds) on wild-type (open bonds) in the vicinity of 
the mutation. The superposition of the coordinates shown were optimized by least squares prior to drawing the 
figure. 

D 




Fig, 3. a, backbone of the D72P mutant molecule (dark bonds) superimposed on WT* (open bonds). The figure 
is based on the optimal superposition of the araino-terminal region (residues 60-66) of the interdomain a-helix. 6, 
superposition of D72P (solid bonds) on WT* (open bonds), as in Fig. 3a but rotated 90\ 



the respective NH 2 -terminal and COOH-terminal domains 
are conserved. It is the alignment of one domain relative to 
the other that changes in the mutant structure relative to 
WT*. As shown in Fig. 4, a and 6. this movement corresponds 
to atom shifts up to about 1.5 A. The pronounced maxima 
and minima in Fig. 4, a and b, are due to different distances 
of the corresponding atoms from the axis of rotation. 

One way to analyze for movements of one part of the 
structure relative to another is to align the mutant structure 
with wild-type based on the superposition of relatively short 
segments of backbone. Two such alignments, based on 6- 
residue backbone segments on either side of the mutation 
site, are shown in Fig. 5, a and b. In Fig. 5a, in which the 
alignment is based on residues 60-66, the amino -terminal 
domain of the mutant structure agrees well with that of WT*. 
This shows that residues 60-66 and the NH 2 -terminal domain 
are connected essentially as a rigid body. In contrast, when 
the superposition is based on residues 74-80 (Pig. 56), neither 



the NHa-terrainal domains nor the COOH-terminal domains 
of the mutant and wild-type structures coincide. This suggests 
that the residues 74-80 are not connected rigidly to the 
COOH-terminal domain. The upper part of the 60-80 a-helix 
appears to be at least in part responsible for the observed 
flexibility. Small changes in this region can have large effects 
on the rest of the structure. The regions at the beginning and 
at the end of the long helix have been previously identified as 
"hinge-bending" regions in the M6I variant of T4 lysozyme 
(Faber and Matthews, 1990). The hinge-bending that was 
observed for the M6I mutant was assumed to be a low energy 
displacement because different molecules within the same 
crystal displayed different hinge-bending angles. In the case 
of M6I, the long interdomain helix appeared to remain rigid. 
In contrast, in the present case the long interdomain helix is 
bent relative to wild-type. Therefore the hinge-bending seen 
for D72P (Fig. 3) has a very different origin, and presumably 
very different energetics, relative to that seen for M6I. 
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FiC. 4. "Shift plots" showing the displacement between cor- 
responding backbone atoms in the mutant D72P and wild- 
type lysozyme. For each residue the value plotted is the root- mean- 
square discrepancy between the four backbone atoms in the mutant 
(N, C, CA, 0) and the corresponding atoms in WT*. a, superposition 
of the structures of 072P and WT* based on residues 13-59 in the 
amino-terminal domain. The arrowheads indicate those residues that 
are presumed to contact an extended substrate (GJu-11, Aap-20, Thr- 
21, Leu-32, Phe-104, Gin-105, Thr-109, Thr-142 and Arg-145) (An- 
derson et al t 1981). The contacts involving Thr-109 are to sugars in 
subsites A and B, whereas cleavage is between subsites D and E. b t 
superposition of D72P and WT* based on the carboxyl-terrainal 
domain, residues 81-162. 
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FiG. 5. a, superposition of D72P on WT* based on the alignment 
of the amino-terminal part of the interdomain a-helix, residues 60- 
66. 6, superposition of D72P on WT* based on the alignment of the 
carboxyl- terminal part of the interdomain a- helix, residues 74-80. 
Note that a is similar to Fig. 4o indicating that residues 60-66 and 
the amino-terminal domain do not move very much relative to each 
other upon the proline replacement. 6, however, is not very similar to 
Fig. 46, Bhowing that the carboxyl-terrainal part of the interdomain 
a-helix does move somewhat relative to the carboxyl -terminal domain 
of the mutant protein. 



Another way of detecting differences between two struc- 
tures is by calculating a difference-distance matrix (Nishi- 
kawa et aL, 1972). All the intramolecular Cf-Cf distances are 
determined for one protein and then compared to the respec- 
tive intramolecular distances of the second molecule. An 
example of such a plot is shown in Fig. 6. Since Cf-Cj 1 
distances in D72P were subtracted from the corresponding 
distances in WT*, positive contours (solid lines) reflect 
shorter distances in the mutant structure; negative contours 
(dotted lines) represent longer ones. As can be seen, the 
mutated residue 72 shows the largest shift with respect to 
residues 95, 122, and 157. 

Fig. 26 illustrates the effect of the Asp-72 — > Pro mutation 
on the long a-helix itself. In this figure residues 60-66 have 
been superimposed so as to make the structural change more 
obvious. The helix containing the proline has an overall bend 
of about 14*. A similar analysis of the structure of wild-type 
lysozyme, however, reveals that the same helix already has a 
bend of about 8.5°. Therefore the effect of the Asp-72 -> Pro 
replacement is to increase the bending by about 6.5°. 

Fig. 7 compares the hydrogen-bond distances within the 
interdomain helix in wild-type lysozyme and in the mutant 
structure. The flm a-belical hydrogen bond is from the 
carbonyl oxygen of Thr-59 to the backbone amide of Ala-63. 
Not surprisingly, the introduction of the pyrrolidine ring at 
residue 72 results in a substantial increase in the distance 
between the nitrogen of residue 72 and the carbonyl oxygen 
of Asn-68. The nitrogen-oxygen distances for the successive 
residues are lengthened somewhat, but not excessively so 
(maximum 3.3 A), suggesting that the hydrogen bonds within 
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Fig. 6. Difference distance matrix comparing distances be* 
tween all pairs of a-carbon atoms in the mutant structure with 
the corresponding distances in WT*. The quantity plotted is A v 
B ry.wr ~ ry.Dwp where r^wr* is the distance between the tth and jth 
a-carbon atoms in the structure of wild-type lysozyme, and r^,x>i2p is 
the distance between the ith and jth a-carbon atoms in the D72P 
mutant structure. Solid contours are drawn at 0.3 A, 0.6 A, 0.9 A, . . . 
and indicate pairs of a-carbon atoms that are closer together in the 
mutant structure than in wild-type. Broken contours, drawn at -0.3 
A, -0.6 A, -0.9 A, . . . indicate pairs of a-carbon atoms that are 
further apart in the mutant than in wild-type. Featureless regions 
indicate domains within which the structure in the mutant is essen- 
tially identical with that in wild-type. 
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Fig. 7. Hydrogen bond lengths within the interdomain he- 
lix. The upper plot shows the distance between the nitrogen atom of 
residue i and the carbonyl oxygen of residue i-4. Within the a-helix 
{i » 63-81) this distance corresponds to a helical hydrogen bond. 
ValueB for the mutant, D72P, are indicated by the solid line; values 
for WT* are indicated by the broken line. The lower plot shows the 
difference in the distance between the mutant and wild-type struc- 
tures. 

Table IV 



Ramachandran angles for residues within the long a-helix 
of T4 lysozyme 





D72P 


WT* 


&4> 


A* 










Ile-58 


-121.3 


169.3 


-126.2 


167.2 


4.8 


2.1 


Thr-59 


-94.3 


171.6 


-90.9 


166.4 


-3.4 


5.2 


Lys-60 


-62.9 


-32.6 


-56.8 


-43.3 


-6.1 


10.7 


Asp-61 


-68.0 


-35.9 


-58.0 


-45.7 


-10.0 


9.8 


Glu-62 


-69.1 


-36.4 


-62.3 


-43.9 


-6.8 


7.6 


Ala-63 


-64.1 


-41.9 


-59.3 


-46.1 


-4.8 


4.2 


Glu-64 


-70.4 


-31.5 


-69.5 


-30.0 


-1.0 


-1.5 


Lys-65 


-61.1 


-49.1 


-69.1 


-42.3 


-8.1 


-6.8 


Leu-66 


-61.3 


-43.2 


-59.4 


-42.0 


-2.0 


-1.2 


Phe-67 


-55.5 


-44.8 


-61.6 


-47.5 


-6.1 


-2.7 


Asn-68 


-62.4 


-22.8 


-56.2 


-43.4 


-6.2 


20.6 


Gln-69 


-89.9 


-38.9 


-64.8 


-40.1 


-25.1 


1.3 


Asp-70 


-66.6 


-38.8 


-67.8 


-37.5 


1,2 


-1.4 


Val-71 


-63.8 


-54.5 


-68.1 


-44.4 


4.3 


-10,1 


Pro-72 


-59.4 


-34.8 


-55.9 


-48.8 


-3.5 


14.0 


Ala-73 


-64.1 


-36.0 


-60.7 


-43.3 


-3.4 


7.3 


Ala-74 


-59.9 


-50.2 


-67.1 


-56.2 


-2.9 


6.0 


Val-75 


-56.6 


-48.0 


-53.5 


-49.7 


-3.1 


1.7 


Arg-76 


-58.0 


-4.20 


-64.4 


-35.2 


6.4 


-6.8 


Gly-77 


-62.5 


-36.3 


-63.4 


-45.1 


0.9 


8.9 


Ile-78 


-64.6 


-46.0 


-57.6 


-46.3 


-7.0 


0.3 


Leu-79 


-65.1 


-17.3 


-69.6 


-20.3 


4.4 


, 2.9 


Arg-80 


-97.3 


-11.6 


-95.9 


-6.4 


-1.4 


-5.2 


Asn-81 


-93.6 


119.8 


-92.7 


127.3 


-0.9 


-7.5 



the remainder of the a-helix are maintained. In the mutant 
Btructure a solvent molecule is observed 3.9 A from the 
carbonyl oxygen of Asn-68, suggesting a weak hydrogen- 
bonding interaction. 

The (0, ^) angles of the residues within the long helix are 
listed in Table IV. The values observed for the proline (<p 
—59.6°, yff = —34.6°) agree very well with the average value (<t> 
— -61*, = —35°) for prolines in other protein structures 
(MacArthur and Thornton, 1991). At the site of the substi- 
tution, the addition of the pyrrolidine ring necessitates vir- 
tually no change in 0. The bigger change (Af = 14*) is in the 
successive peptide. Not surprisingly, the largest changes in 
(4> t yfr) are for the peptide between residues 68 and 69, which 
is in the previous turn of the a-helix and for which the 
hydrogen bond to the amide of residue 72 is disrupted. 

DISCUSSION 

The most striking result of the present study is the finding 
that proline residues can be substituted at several positions 



within the long interdomain a-helix of T4 lysozyme with only 
modest effects on catalytic activity. The proteins are desta- 
bilized relative to wild-type, but still fold and behave essen- 
tially normally. Attempts were made to substitute prolines at 
four sites and in three cases a functional protein was obtained. 
It is not as if there is one particular site at which a proline 
can be accepted. Rather, the data suggest that it may be 
possible to introduce prolines at additional sites within the 
interdomain helix, if not at many other sites in the protein as 
well. 

The decrease in stability observed for the two mutants 
D72P and Q69P is very comparable with that found for 
temperature-sensitive mutants of T4 lysozyme such as R96H, 
T157I, and A98V identified by the random genetic screen of 
Streisinger et al. t 1961; Griitter et aL, 1969, 1987; Weaver et 
aL, 1989; Dao-pin et a/., 1991a). The mutant A74P is, however, 
less stable than any of these previously described variants. 
The decrease in stability associated with the proline substi- 
tutions seems to be associated to some extent with the inac- 
cessibility of the residue to solvent but the correlation is not 
perfect. Val-71 is largely buried and a proline replacement at 
this site did not yield a functional protein. Ala-74 is also 
largely solvent inaccessible. In addition the proline substitu- 
tion disrupts the a-helical hydrogen bond between residues 
70 and 74 which, in turn, is likely to misalign and perhaps 
weaken the very strong salt bridge between Asp-70 and His- 
31 (Anderson et a/., 1990). In this case protein was obtained 
although with substantially reduced stability. O'Neil and 
DeGrado (1990) found that the energy cost of an alanine to 
proline replacement within a tumeric a-helical model peptide 
was 3.4 kcal/mol. Also Yun et al. (1991) found, by free energy 
simulations, exactly the same value for an alanine to proline 
replacement within a short polyalanine helix. These values 
are roughly comparable with those found here (average values 
of 3.2, 2.7, and 5.2 kcal/mol) but there is no reason to expect 
close agreement since the context is different in every case. 

In the case of A72P, for which the crystal structure is 
available, the pyrrolidine ring is seen to introduce three 
unfavorable contacts with neighboring atoms (2.93 A between 
C and the peptide nitrogen of Val-71; 3.04 A between C and 
the peptide nitrogen of Val-71; 3.00 A between C* and the 
carbonyl oxygen of Asn-68). Each of these contacts corre- 
sponds to an unfavorable van der Waals interaction energy 
in the range 1-2 kcal/mol (Levitt, 1974). These steric clashes 
are, presumably, a major factor in the destabilization of the 
mutant structure relative to wild-type. 

The results provide further evidence that protein structures 
are adaptable and can compensate for amino acid substitu- 
tions at many sites (Matthews, 1987; Sondek and Shortle, 
1990). It also illustrates the redundancy that is present in the 
amino acid sequence of a protein. Not every amino acid in 
the linear sequence is necessary for folding (Reidhaar-Olson 
and Sauer, 1988; Zhang et a/., 1991). Amino acid substitutions 
that are expected to distort and destabilize the folded struc- 
ture of the protein, and disrupt a major a-helix that might be 
a key folding intermediate, do not prevent the formation of a 
folded functional protein. 

Functional proteins were obtained with prolines substituted 
at positions 69, 72, and 74. Residues 69 and 72 are located in 
successive turns on the same side of the helix. Residue 74, 
however, is on the opposite side of the a-helix. Therefore one 
cannot argue that prolines are only accommodated on one 
side of the a-helix such that each substitution bends or 
distorts the a-helix in the same direction. 

The substitution of a proline in an a-helix that is part of a 
protein is not the same as a proline substitution of an isolated 
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a-helix. In the absence of any constraints, a substituted 
proline is likely to completely disrupt the helix (Strehlow et 
al t 1991) or to introduce a bend of up to 45° (Barlow and 
Thornton, 1988; Karle et at, 1991). The structural conse- 
quences of a proline introduced into an a-helix in a protein, 
however, will be modulated by interactions between the a- 
helix and the rest of the protein. Prolines in a-helices in 
known protein structures are associated with bend angles that 
average 26 ± 5° (Barlow and Thornton, 1988), but this is not 
to say that an introduced proline will cause a change of this 
magnitude. The determination of the structure of D72P pro- 
vides an example of the structural compromise that can result. 
The presence of the proline increases the bend angle of the 
a-helix, but only by 5.5*. Thus, it is not to be expected that 
each individual proline substitution will cause a major re- 
arrangement of the two domains in T4 lysozyme. Nevertheless 
it can be anticipated that the different substitutions will cause 
distinct changes in the alignment of one domain relative to 
the other. This suggests that the precise shape of the active- 
site cleft in the resting enzyme is not critical for catalysis. At 
the same time it should be noted that the key catalytic residues 
are at the base of the active site cleft, and the structural 
changes in this region may therefore be relatively small (<0.5 
A). The residues in T4 lysozyme that are presumed to contact 
an extended oligosaccharide substrate are indicated in Fig. 
4a. 

It should be noted that the crystals that were obtained for 
the replacement Asp-72 — > Pro are isomorphous with wild- 
type. It is possible that the formation of such isomorphous 
crystals constrains the structure of D72P to be more similar 
to WT* than is the case in solution. The differences between 
the structures of D72P and WT* in solution may therefore be 
larger than those seen in Figs. 3 and 4. The mutants Q69P 
and A74P give crystal forms that are not isomorphous with 
wild-type. Hopefully, the structure analysis of these crystals 
will give a better overall impression of the structural changes 
that are induced by the proline substitutions. 

The first determination of the structure of a temperature- 
sensitive mutant lysozyme (Grutter et c/., 1979) showed that 
relatively large changes in stability were accompanied by 
minimal changes in structure, these being localized to the 
immediate vicinity of the substituted amino acid. The ability 
of T4 lysozyme to accommodate destabilizing mutations in 
this manner has subsequently been seen on a number of 
occasions (Matthews, 1987) and is further exemplified by the 
present study. 
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